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ThermodynamicAbstract Cobalt contamination in wastewater from industries has been increased in many coun-
tries including Egypt. Adsorption is the most progressively for heavy metals, removing from
wastewater by using agricultural waste and by-products such as rice straw. Unmodiﬁed and mod-
iﬁed rice straw has been evaluated as their ability to bind with metal ions. In this study, four char-
acterizations of raw rice straw have been conducted. The morphological characteristics by SEM,
EDXA, and the functional group present in the rice straw by FTIR spectroscopy and the XRD
technique. Rice straw contains about AOH functional group that can bind with metal ions. To
be able to enhance the sorption capacity of rice straw in metals, removing from waste water, alkali
treatment should be done. This shows that rice straw can be used as adsorbent for removing cobalt
ions from wastewater. The effect of pH, amount of adsorbent, different concentrations of cobalt,
sorption kinetics and isotherms were studied in batch experiments. The good correlation coefﬁcient
was obtained from pseudo second-order kinetic model, which agreed with conception as the rate-
limiting mechanism. Sorption isotherm test showed that equilibrium sorption data were better rep-
resented by Langmuir model than the Freundlich model. The thermodynamic parameters such as
DH, DS, DG and Ea are also calculated.
Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research Center.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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High levels of exposure to heavy metals have been known to
cause cancer, organ damage, joint diseases, and in extreme
cases, death [1].
Alkali treatment of cellulosic ﬁbers with sodium hydroxide
(NaOH) is one of the chemical treatment methods that have
been employed in order to improve the ﬁber–matrix interface
bonding [2]. NaOH removes natural fats and waxes from the
cellulose ﬁber surfaces, thus, revealing chemically reactivefied rice
2 A.A. Swelam et al.functional groups like AOH. The removal of the surface impu-
rities from the cellulose ﬁbers also improves the surface rough-
ness of the ﬁbers or particles, thus opening more hydroxyl
groups and other reactive functional groups on the surface
[3]. NaOH may also react with accessible AOH groups accord-
ing to the chemical reaction proposed as follows:
NaOHþOH rice strawsOH!HO rice strawsONaþþH2O
The reaction equations suggest reduction of AOH groups
on the ﬁber surfaces, which is demonstrated as a decrease in
AOH peak intensity in Fourier transform infrared (FTIR)
spectra [2].
To optimize different parameters affecting the sorption pro-
cess to achieve maximum sorption of metal ions and analyze the
sorption data by applying various sorption isothermmodels for
the estimation of the sorption capacity of sorbent, the partition-
ing behavior between solid and liquid phases was determined by
applying kinetic and thermodynamic parameters.
Material and methods
Preparation of adsorbents
Rice straw
The natural rice straw (RS) used in the present experiments
was obtained from a market in Menouﬁa Country, Egypt.
The RS was thoroughly washed with a stream of distilled water
to remove all dirt and then was dried at 110 C. The dried RS
was stored in desiccators for further investigation.
Modified rice straw
The modiﬁed rice straw (MRS) sample was prepared by alkali
treatment by placing the RS sample in contact with NaOH
(0.1 M), with constant stirring for 24 h. The liquid/solid ratio
was 10 ml/g. It was then ﬁltered, washed OH free with dis-
tilled water, and dried at 110 C for 24 h to constant weight
then ground and sieved. The particles 0.63 mm were selected
and preserved at room temperature in a sealed bottle.
Preparation of metal-solutions
The Co(II) stock solution containing 1000 mg/L was prepared
by dissolving cobalt chloride powders (analytical reagent
grade) in distilled water. Different concentrations were pre-
pared by diluting the Co(II) stock solution with distilled water.
Analytical technique
The concentrations of the Co(II) metal ions were performed
using Flame Atomic Absorption Spectrophotometer (FAAS)
Vario 6. Elements were determined using an air–acetylene ﬂame.
Results and discussion
Characterization of adsorbents
Chemical composition
The chemical composition of the rice straw is shown which
contained 56 wt% Alpha Cellulose, 33 wt% Holocellulose,Please cite this article in press as: A.A. Swelam et al., An economically viable method
straw, HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.10.00175.5 wt% lignin 12.5 wt% and 6 silica ash. Upon chemical
treatment, the cellulose content continuously changed as
expected. The alkali treatment was efﬁcient in removing holo-
cellulose, which decreased from 75.5 wt% to 72.8 wt% follow-
ing treatment. Almost all of the silica content was removed
during alkali treatment. The lignin content was practically
remained constant.
FTIR spectra
A medium broad absorption band (Fig. 1(a and b)) was found
around the region of 3300 cm1 for untreated rice straws.
This band is due to stretching vibration of intermolecular
hydrogen bonded AOH groups in cellulose ﬁbers [4]. After
modiﬁcation with NaOH the absorption band shifts to higher
frequencies by 26 cm1. This is an indication of the presence
of free AOH groups which do not take part in hydrogen bond-
ing [4]. However, there was no evidence of a decrease in the
intensities of these peaks possibly due to reaction of accessible
AOH groups and NaOH as proposed by earlier researcher [5].
A similar trend occurred to the other AOH groups absorption
peaks around 1626 ± 4 cm1, which shifted slightly to higher
frequencies after treatment with NaOH suggesting an increase
of free OH. Absorption represented by weak bands in the
absorption region around 2925 ± 1 cm1 corresponds to
the vibration of the carbon-hydrogen bonds superimposed
onto AOH broad band around 3300 cm1.
Absorbed vibration at 1738 cm1 appearing on the outer
surfaces of the untreated rice straws is due to the vibration of
carbonyl from carboxylic groups in ester linkage as proposed
by Trejo-O’Reil and Cavaille [6] or due to wax and natural
fats. Rice straws were treated with NaOH, and this peak disap-
peared, which indicate that it might have been removed by this
modiﬁcation.
A medium sharp peak around 1217 cm1 due to vibration
of silica bonds was observed on the outer surface of untreated
rice straws. This peak disappeared on NaOH treated rice
straws. Absence of this peak in NaOH treated rice straws is
an indication of the possibility of sodium hydroxide to react
with silica to give Na2SiO3. A decrease in the silica vibration
band at 786 ± 5 cm1 was observed as the concentration of
NaOH increased. This is another evidence of the possibility
of NaOH to react with silica on the outer surface of rice
straws. It is therefore possible that part of the cellulose embed-
ded with silica in the formation of silicon–cellulose membrane
on the outer surface of rice straws [7] also degraded during the
disintegration of this membrane and silica. This may have con-
tributed to lack of increase of the OH group bands on this sur-
face after alkali treatment.
Fig. 1(a and b) shows the FTIR spectra of the inner sur-
faces of untreated and NaOH treated rice straws. A broad
peak in the region of 3273.5 ± 57 cm1 in untreated rice
straws is due to hydrogen bonded AOH in cellulose ﬁbers.
There is also a slight shift of the AOH peak to high frequencies
in NaOH treated rice straws. The shift of this peak by about
49 cm1 to high frequencies suggests the presence of free
OH. The intensity of this peak is relatively weak for untreated
rice straws, but progressively increases with the increase in the
concentration of NaOH. The reason behind this could proba-
bly be due to the removal of surface impurities from the sur-
face of rice straws thus exposing more reactive AOH groups
on these surfaces, which were detected by ATR-FTIR. Weakfor the removal of cobalt ions from aqueous solution using raw and modified rice
FTIR spectra for (c) RS and (d) MRS
after adsorption
FTIR spectra for  (a) RS  and (b) MRS
before adsorption
Fig. 1 FTIR spectra for (a) RS and (b) MRS before adsorption. FTIR spectra for (c) RS and (d) MRS after adsorption.
Method for the removal of cobalt ions from aqueous solution 3absorption bands around 2919.5 ± 0.5 cm1 due to CAH
vibration appears immediately after treatment of rice straws
with NaOH. This is another evidence of the removal of impu-
rities from the inner surface of rice straws by NaOH. The
absorption band around 1614 ± 19 cm1 by a medium,
stretching bond may be due to AOH vibration which intensity
increased after treatment.
The FT-IR spectra of Co(II) loaded RS and MRS are also
illustrated in Fig. 1(c and d). The FT-IR spectra of Co(II)-
loaded RS show the disappearance of bond around
2894 cm1, and shifting of bands about 2993 cm1 to higher
wave number. The disappearance of bands is also observed
in the Co(II)-loaded MRS spectra around 2897 and
2130 cm1, and shifting of bands about 2881 cm1 to lower
wave number. This means that the functional groups in these
wave numbers participate in the Co(II) adsorption as in
Fig. 1(c and d).
Scanning electron microscope
Scanning electron micrographs (SEMs) of untreated and trea-
ted rice straws are shown in Fig. 2(a–d). As shown in Fig. 2(a–
d) the surface roughness of the outer and inner surfaces of rice
straws changes signiﬁcantly after alkali treated with NaOH.
Changes started to be substantial when the rice straws were
treated with NaOH. These include wearing of asperities on
the outer surfaces and particle cracking which suggests the
weakening of the rice straws due to increase in brittleness.
The result of Scanning Electron Microscopy (SEM) also shows
that rice straw is a porous material and appears that after
modiﬁcation, the surface structure is smoother. In addition
small beads on RS are eliminated, which was ascribed to thePlease cite this article in press as: A.A. Swelam et al., An economically viable method
straw, HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.10.001reduction of most lignin, hemicellulose and other impurities
[8].
EDXA spectra
Fig. 3(a–d) shows the EDXA spectra of RS and MRS adsor-
bents before and after loading with Co(II) respectively.
Fig. 3(a–d), indicates the presence of major constituents – car-
bon and oxygen in the two samples adsorbents. Comparing the
spectra of the MRS loaded with Co(II) with that of unloaded
one, the cobalt peak could be observed. It was suggested that
heavy metals including Co(II) had been adsorbed on the sur-
face of MRS. Moreover, after loading with heavy metal suc-
cessfully, a distinct increase in silica peak intensity could be
found. This phenomenon might be derived from the alkali
treatment.
X-ray diffraction
XRD peaks corresponding to crystallinity were not observed.
The amorphous nature of the biosorbents suggested that the
metal ion could more easily penetrate into the surface of the
two biosorbents on the amorphous shown in Fig 4(a–d). Opti-
mization of Co(II) biosorption is by chemically modiﬁed rice
straw.
Effect of initial cobalt concentration
The Co(II) adsorption capacity increased with the Co(II) equi-
librium concentration from 235.72 to 825.05 mg/L. This capac-
ity of the RS was 23.1, 31.7, 34.7, 40.05, 43.5 and 46.1 mg/g,
respectively. However, the adsorption capacity of MRS wasfor the removal of cobalt ions from aqueous solution using raw and modified rice
Fig. 2 SEM for (a) RS and (b) MRS before adsorption, (c) RS and (d) MRS after adsorption.
Fig. 3 EDXA for (a) RS and (b) MRS before adsorption, (c) RS and (d) MRS after adsorption.
4 A.A. Swelam et al.27.7, 33.9, 39.9, 45.5, 47.6 and 52.7 mg/g, respectively. On the
other hand, it can be observed that, with an increase of the Co
(II) equilibrium concentration, the removal percentage of
cobalt, shows an opposite trend. Actually, as the initial con-
centrations of Co(II) increased, the driving force became
higher as well, the accessibility of the heavy metal ions to the
binding sites of the MRS is relatively high with initial concen-
tration, the ion exchanges frequently and the uptake of heavy
metals becomes more and more [9].Please cite this article in press as: A.A. Swelam et al., An economically viable method
straw, HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.10.001Effect of pH on Co(II) adsorption
The effect of pH on the Co(II) adsorption on the two adsor-
bents at a pH between 1.8 and 7 is presented in Fig. 5. It
can be found that the removal efﬁciency, increased with pH
for both adsorbents. The uptake of Co(II) by RS and MRS
increased as the pH increased from 1.8 to 6.3. At higher pH
value 7.1 the removal efﬁciency decreased for both adsorbents.
Although a maximum uptake was noted at a pH of 7.1, the pHfor the removal of cobalt ions from aqueous solution using raw and modified rice
Fig. 4 XRD for (a) RS and (b) MRS before adsorption, (c) RS and (d) MRS after adsorption.
Method for the removal of cobalt ions from aqueous solution 5of the solution increased to >6.3 Co(II) started to precipitate
out from the solution. Therefore, the increased capacity of
adsorption at pH= 6.3 may be a combination of both adsorp-
tion and precipitation on the surface of the adsorbents. It is
considered that adsorbents had a maximum adsorption capac-
ity at a pH of 6.3, if the precipitated amount is not considered
in the calculation. Therefore, the optimum pH for Co(II)
adsorption is 6.3.
The Co(II) adsorption on the two adsorbents tends to
increase with the of pH. This is likely attributed to the fact that
a lower pH value causes the surface to carry more positively
charges and thus would more signiﬁcantly repulse the posi-
tively charged species in solution. Therefore, the lower adsorp-
tion of Co(II) at lower pH values resulted from an increased
repulsion between the more positively charged Co2+ species
and positively charged surface sites. Furthermore, at lower
pH, H+ ions compete with Co(II) ions to the surface
binding-sites of the adsorbent [10].1 2 3 4 5 6 7
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Fig. 5 The effect of pH on biosorption of Co(II) at 28 C.
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The inﬂuence of the ionic strength on the capacity of cobalt
adsorption on the two adsorbents in the presence of different
electrolyte in various concentrations media has been tested
with the addition of NaCl, NaNO3 and Na2SO4 to the cobalt
solution (Fig. 6). The increase in ionic strength between 0.001
and 0.1 M decreased the percentage of adsorption in cobalt-
electrolyte-RS and -MRS systems. This may be due to the fol-
lowing two reasons: (a) The electrostatic attraction seems to be
a signiﬁcant mechanism, as indicated by the results where, at
high ionic strength, the increased amount of the electrolyte
can help to render the surface of the rice straw not easily acces-
sible to cobalt (II) ions and hence decreasing the absorption
rate. In fact, according to the Surface Chemistry Theory devel-
oped by Guoy and Chapman [11], when solid adsorbent is in
contact with sorbate species in solution, they are bound to
be surrounded by an electrical diffused double layer, the thick-
ness of which is signiﬁcantly expanded by the presence of elec-
trolyte. Such expansion inhibits the adsorbent particles and Co
(II) from approaching. (b) The relative competition between
sodium ions and cobalt species for the active sites of rice straw
can also be an explaining factor. However, the thickness of the
electrical diffused double layer was found to be
NaCl < NaNO3 < Na2SO4. Thus, the order of cobalt uptake
by the RS and MRS in different electrolyte was
NaCl > NaNO3 > Na2SO4 solutions [12].
Co(II) adsorption isotherm
The equilibrium adsorption isotherms of cobalt ions were
determined at temperature of 301 K. The experimental data
were ﬁtted to linear equations of Freundlich [13], Langmuir
[14], Temkin [15] and Dubinin and Radushkevich [16], iso-
therm models.for the removal of cobalt ions from aqueous solution using raw and modified rice
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Fig. 6 The effect of ionic strength on the removal of Co2+.
6 A.A. Swelam et al.Two typical isotherms, as described in Eqs. (1) and (2), were
used for ﬁtting the experimental data:
log qe ¼ log KF þ
1
n
log Ce ð1Þ
Ce
qe
¼ 1
KLQmax
þ Ce
Qmax
ð2Þ
where qe are the amount adsorbed at equilibrium (mg/g), and
Ce is the equilibrium concentration (mg/L). The other param-
eters are different isotherm constants, which can be determined
by the correlation coefﬁcient of the experimental data. The
value of (n) is a characteristic constant measure of intensity
of sorption. The values of (n) computed from the slope of
the plots of Freundlich Eq. (1) (4.7 and 8.6 for Co on both
RS and MRS, respectively) and the results of kF (mg/g) esti-
mated from the intercept of the linear plots. The value of
(kF) was also 86.1 and 57.5 of both RS and MRS, respectively,
indicate better sorption at the experimental conditions.
Where ‘KL’ is the Langmuir constant (L mol
1) and C0 is
the initial concentration of sorbate (mg/g). In linear Plots of
Ce/qe versus Ce Eq. (2), the values of Qmax are analyzed from
the slope of the linear plots and its values are 28.5 and
32.3 mg/g of RS and MRS, respectively, whereas the values
of ‘KL’ (0.009 and 0.23 mol L
1 of RS and MRS, respectively)
for Co(II) are computed from the intercepts of the plots. The
values of RL are 0.24 and 0,012 of the RS and MRS, respec-
tively; assign a highly favorable sorption at solution tempera-
tures studied herein. dimensionless constant, separation factor,
RL describes the type (RL = 0 irreversible, RL between 0 and 1
A favorable, RL = 0 linear and unfavorable RL > 1) of Lang-
muir isotherm, which is an essential characteristic of Langmuir
isotherm and may be calculated in the temperature range (301–
323 K) for cobalt ion, by employing the relationship in Eq. (3)
as:
RL ¼ 1=1þ KLC0 ð3Þ
Another adsorption model isotherm Dubinin–Radushke-
vich (D-R) is applied in the linearized form of Eq. (4) as
follows:Please cite this article in press as: A.A. Swelam et al., An economically viable method
straw, HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.10.001Ln qe ¼ ln Xm  be2 ð4Þ
where qe is in (mg/g)
1 (described earlier), Xm (mg/g) represents
the maximum sorption capacity of sorbent and b (kJ2 mol2) is
a constant with dimensions of energy. The Polanyi sorption
potential e, which is the amount of energy required to pull a
sorbed molecule from its sorption site to inﬁnity may be eval-
uated by using relationship in Eq. (5) as follows:
e ¼ RT ln ð1þ 1=CeÞ ð5Þ
where ‘R’ is a gas constant in J mol1 K1, ‘T’ is the tempera-
ture in Kelvin, Ce (mol L
1) is as mentioned earlier. The plots
of ln qe versus e
2 yield coefﬁcients of determinations close to
unity and the results of Xm computed from the slope and inter-
cept of the respective plots (32.4 and 36.2 (mg/g). The values of
sorption energy, E (116.2 kJ mol1 of both RS and MRS,
respectively, for Co(II)) are calculated using the relationship
in Eq. (6) as follows:
EDR ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃ2bp ð6Þ
The Temkin isotherm has been used in the following form,
Eq. (7):
qe ¼ BT ln AT þ BT ln Ce ð7Þ
where R is gas constant (8.314 J mol1 K1), T is temperature
(K), AT is the equilibrium binding constant (L g
1) corre-
sponding to the maximum binding energy, and constant
BT ¼ ðRT=bTÞ is related to the heat of adsorption. A plot of
qe versus ln Ce is used to calculate the Temkin isotherm con-
stants AT and BT.
The values of BT (J/mol) are analyzed from the slope of the
linear plots and its values are 7.62 and 4.54 mg/g of RS and
MRS, respectively, whereas the values of AT (1.5  104 and
6.1  106 L/g) of RS and MRS, respectively, for Co(II) are
computed from the intercepts of the plots.
It is shown from the above discussion that the experimental
data of Co(II) adsorption on these samples could be well ﬁtted
by the isotherms. Clearly, the Langmuir equation provided
better ﬁtting in terms of R2 values (0.99240). However, thefor the removal of cobalt ions from aqueous solution using raw and modified rice
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was as follows: Langmuir (0.99240) > Temkin (0.95294)
> Freundlich (0.92857) > D – R (0.67008). On the other
hand, the ﬁtting curves of MRS from the four isotherms are
also illustrated in. It is shown that the experimental data of
Co(II) adsorption on these samples could be well ﬁtted by
the isotherms [17]. Clearly, the Langmuir equation provided
better ﬁtting in terms of R2 values (0.99569). However, the ﬁt-
ting order of the different adsorption models according to R2
was as follows: Langmuir (0.99569) > Temkin (0.87444)
> Freundlich (0.80204) > D – R (0.19544).
Co(II) adsorption kinetics
Kinetic studies were carried out using different models,
namely, pseudo-ﬁrst order [18], pseudo-second order [19],
and Fickian diffusion intraparticle [20] models to analyze the
experimental data. The results of the Co(II) adsorption kinetic
experiments at the 28 C show that the majority of Co(II)
adsorption on the adsorbents was completed in 1–2 h. For
example, after 330 min of adsorption, the Co(II) adsorbed
on the RS and 270 min for MRS was, respectively, 71.7%,
76.7% of that at equilibration time. And the MRS had faster
kinetics than the RS sample, which can be attributed to the
surface structural changes of the material. The Co(II) adsorp-
tion kinetic data were ﬁtted with pseudo-ﬁrst-order rate equa-
tion of Lagergren and pseudo-second-order rate equation of
linear equations.
The pseudo-ﬁrst-order kinetic model is given as Eq. (8):
log ðqe  qtÞ ¼ log qe;1  k1t ð8Þ
The pseudo-second-order equation is expressed as Eqs. (9)
and (10):
t
qt
¼ 1
k2q
2
e;2
þ t
qe;2
ð9Þ
h ¼ k2q2e;2 ð10Þ
where k1 is the Lagergren adsorption rate constant (min
1)
and k2 is the pseudo-second-order adsorption rate constant
(g/(mg h); qe and qt are the amounts of Co(II) absorbed (mg/
g) at equilibrium and time t, respectively. Based on R2
obtained, the kinetics of Co(II) adsorption on the RS can be
satisfactorily described by either of the pseudo-ﬁrst-orderTable 1 Kinetic parameters for 6 mmol/L of Co(II) on RS and MR
Rice
straw
Temp
(K)
Pseudo ﬁrst-order model Pseudo second-orde
qe,1,cal
(mg/g)
K1
(min1)
R2 qe,2,cal
(mg/g)
K2
(g/mg min
RS 301 13.14 0.018 0.99145 32.41 4.0  10
MRS 301 9.97 0.013 0.97038 34.31 4.5  10
Table 2 Thermodynamic parameters for 6 mmol/L of Co(II) on R
Rice straw Temp (K) DG (kJ/mol)) DS (J/mol
RS 301 50.2 167.0
MRS 301 89.0 296.0
Please cite this article in press as: A.A. Swelam et al., An economically viable method
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ﬁtting curves resulting from both equations are plotted.
It can be seen from Table 1 that the pseudo-second-order
kinetic model provides a good correlation for the adsorption
of Co(II) on the RS at 301 K. The high applicability of the
pseudo-second-order equation for the present kinetic data is
generally in agreement with other researchers’ results that
the pseudo-second-order equation was able to describe prop-
erly the kinetics of Co(II) adsorption [21]. The initial adsorp-
tion rate h (mmol/(g min)) of RS was from 4.2 mg/(g min),
whereas, h values was 5.3 mg/(g min) for MRS respectively.
The value h for MRS was higher than that of the RS at low
temperature, suggesting that MRS possesses the fastest kinet-
ics among tow adsorbents.
For Fickian diffusion law, all the correlation coefﬁcients
were relatively low and the intercept of plots revealed obvious
boundary layer effect. Larger intercept means a greater contri-
bution of surface adsorption as the rate-controlling step. In
addition, it was essential for the plots of qt versus t
0.5 to go
through the origin if the intra-particle diffusion was the sole
rate-limiting step. However, all the linear portions did not pass
through the origin (all intercepts were in the range of 19.779–
21.951 and 0.8647–0.90715 of RS and MRS, respectively),
indicating that intra-particle diffusion may be not only the
rate-controlling factor. Therefore, the external surface of the
adsorbent was the key factor in the rate-controlling.
Effect of temperature
The removal percentage of cobalt onto the RS and MRS
adsorbents was increased with the 76.7, 91.4 and 96.7% for
the MRS, respectively from 301 to 323 K. This may be due
to the formation of new active sites in the adsorbents to
increase in temperature, activation of the adsorbing surface
and increase in the mobility of metal ions. An increase of
adsorption capacities of Co(II) on the two adsorbents as the
temperature increased, indicating also an endothermic process
and a possible type of chemical adsorption mechanism occurs
[22].
Thermodynamics of sorption
Thermodynamic parameters, enthalpy DH (kJ mol1), entropy
DS (J mol1 K1) and standard free energy of activation DGS in aqueous solution.
r model Intraparticle diﬀusion model
)
h
(mg/g min)
R2 Kint
(mg/g min0.5)
C
(mg/g)
R2
3 4.2 0.99959 0.759 19.779 0.85229
3 5.3 0.99908 0.765 22.441 0.86470
S and MRS in aqueous solution.
k) DH (kJ/mol) S* Ea (kJ/mol)
53.61 7.19  109 44.13
91.91 2.35  1015 81.18
for the removal of cobalt ions from aqueous solution using raw and modified rice
Table 3 Application of the RS for wastewater treatment at different temperatures.
Sample No Cinitial (mg L
1) Fe(III) Cu(II) Co(II) Ni(II) Cd(II) Pb(II)
2.954 1.564 0.0543 0.1524 0.1201 0.0974
Eq. time % Eq. time % Eq. time % Eq. time % Eq. time % Eq. time %
S1 30 C 65 100 50 100 5 100 20 100 20 100 5 100
40 C 50 100 50 100 5 100 5 100 5 100 5 100
50 C 35 100 35 100 5 100 5 100 5 100 5 100
Cinitial (mg L
1) 3.157 1.346 0.112 0.112 0.1674 0.1043
Eq. time % Eq. time % Eq. time % Eq. time % Eq. time % Eq. time %
S2 30 C 65 100 50 100 5 100 20 100 5 100 20 100
40 C 50 100 35 100 5 100 5 100 5 100 5 100
50 C 50 100 35 100 5 100 5 100 5 100 5 100
Table 4 Application of the MRS for wastewater treatment at different temperatures.
Sample No Cinitial (mg L
1) Fe(III) Cu(II) Co(II) Ni(II) Cd(II) Pb(II)
2.954 1.564 0.0543 0.1524 0.1201 0.0974
Eq. time % Eq. time % Eq. time % Eq. time % Eq. time % Eq. time %
S1 30 C 50 100 50 100 5 100 5 100 5 100 5 100
40 C 50 100 35 100 5 100 5 100 5 100 5 100
50 C 35 100 20 100 5 100 5 100 5 100 5 100
Cinitial (mg L
1) 3.157 1.346 0.112 0.112 0.1674 0.1043
Eq. time % Eq. time % Eq. time % Eq. time % Eq. time % Eq. time %
S2 30 C 50 100 35 100 5 100 5 100 5 100 5 100
40 C 50 100 35 100 5 100 5 100 5 100 5 100
50 C 35 100 20 100 5 100 5 100 5 100 5 100
8 A.A. Swelam et al.(kJ mol1) were investigated by applying the Eqs. (11) and
(12):
log Kd ¼ DS
2:301R
 DH
2:301RT
ð11Þ
DG ¼ DH T DS ð12Þ
where ‘R’ is a gas constant, ‘T’ is the temperature in Kelvin.
The plots of log Kd versus 1/T (K
1) are linear throughout
the investigation and the values of DH and DS are computed
from the respective slopes and intercepts of the plots [23].
The calculated thermodynamic parameters are presented in
Table 2. All of the DH values were positive, demonstrating
an endothermic process. The negative DG at all temperatures
accompanied by the positive DS suggested that the sorption
reactions are spontaneous with a high afﬁnity and the presence
of low energy barrier of Co(II) adsorption processes using
both RS and MRS.
The positive enthalpy change (DH) values for the metal
ions adsorption reaction Table 2 indicate the endothermic nat-
ure of the present reaction. DH values obtained from adsorp-
tion of Co(II) onto the RS are lower than those onto MRS.
This result for Co(II) gives clear evidence that the interactions
between Co(II) and the surface groups of the RS may be
weaker than those of the surface groups of the MRS. On the
other hand, the positive values of Ea and DH indicate the
presence of an energy barrier in the adsorption process [24].
The positive values for these parameters are quite commonPlease cite this article in press as: A.A. Swelam et al., An economically viable method
straw, HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.10.001because the activated complex in the transition state is in an
excited form [25,26]. These results indicated that the adsorp-
tion has a slightly higher potential barrier for both RS and
MRS systems and prove that the sorption process is
chemisorption nature.Industrial wastewater samples
We collected two wastewater samples which were obtained
from different areas:
S1: A sample of Bahr El Baqar from the ﬁrst Abu Zaabal
area (Qalyubiyah).
S2: A sample of Bahr El Baqar from Belbes at kobri El-
Sahfa (El-Sharqia).
The adsorption data for Fe (III), Cu(II), Co(II), Ni(II), Cd
(II) and Pb(II) ions at 30, 40 and 50 C, expressed as the resid-
ual metal ion in solution (ppm) versus contact time for a ﬁxed
adsorbent amount (0.4 g RS/50 ml) has been studied and are
shown in Tables 3 and 4. This metal ions were measured using
AAS-Vario 6.
The best adsorption is to obtain equilibrium at the solid/liq-
uid interface, and all the experiments were carried out with
1.5 h of contact time. This short time period required to attain
equilibrium suggests an excellent afﬁnity of the adsorbent for
these metals from real industrial wastewaters.for the removal of cobalt ions from aqueous solution using raw and modified rice
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